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CHARACTERIZATION OF ADAPTATIONS THAT CONFER INCREASED RESISTANCE
TO HIGH SALINITY IN BRINE SHRIMP

JASMINE L HATCHER-MOORMAN
41 Pages
Brine shrimp (Artemia salina) are osmoregulators that survive in ~4.5 M salt. Osmoregulating organs in
brine shrimp are predicted to mimic a mechanism of osmoregulation in teleost fish involving NKA, NKCC,
CFTR-like Cl- channels, and sodium-specific transport through tight paracellular tight junctions in gut and
gill epithelia. Pharmacological studies of low and high salt adapted brine shrimp show that key transporters
involved in teleost fish osmoregulation are also vital to brine shrimp survival in hypersaline environments.
Artemia express two Na/K pump isozymes formed by different α-submits associating with a common βsubunit. A “normal” α-subunit (α1NN) or a special α-subunit (α2KK) containing two asparagine- to-lysine
substitutions in the ion-binding region are known to play a role in this survivability.
Increased expression of α2KK in high salt adapted brine suggest the importance of the isozyme, but
functionality of α2KK in Artemia is poorly understood. We introduced constructs containing full-length
Artemia NKA isoforms α1NN/α2KK and functionally evaluated the constructs with electrophysiology in
Xenopus oocytes. Electrophysiology studies reveal ouabain-binding affinity differences in Artemia NKA
isozymes that imply importance in adaptation to hypersaline environments.
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CHAPTER I: BACKGROUND AND INTRODUCTION
Na,K-ATPase Function and Structure
The sodium-potassium ATPase (Na,K-ATPase, NKA) is a primary active transporter and
a member of the protein superfamily known as the P-Type ATPases, which include the plasma
membrane Ca-ATPase, sarco/endoplasmic reticulum Ca-ATPase, and the gastric H,K-ATPase
among others. Members of the P-type ATPase family all share a phosphorylated intermediate in
their kinetic cycle where the gamma phosphate of ATP is covalently transferred to a conserved
aspartic acid residue (DKTG) within the ‘so-called’ P-domain (Lutsenko & Kaplan, 1995;
Toyoshima et al., Nature 2000). All animals express at least one isoform of NKA, which generates
and sustains the vast Na+ and K+ gradients that energize essential cellular membrane processes,
including excitation and secondary active transport.
Functional NKA is formed by obligate association of a catalytic α subunit (~110 kDa) and
an auxiliary β subunit (~55 kDa with 3 sites of glycosylation; ~35 kDa without sugars) (Kaplan
2002). The α-subunit is responsible for the majority of the functional activity of the Na,K-ATPase.
It contains the ion binding sites, as well as the ATP binding site and cardiac glycoside binding site
for the pump (Lingrel & Kuntzweiler, 1994). There are 4 isoforms of the α- subunit: α-1, α-2, α-3
and α-4. Each of the α- isozymes is encoded by a different gene, located on different chromosomes
in mice (Shyjan et al., 1990). Isozymes 1 through three are present in adult rat brains (Urayama et
al., 1989) and cardiac muscles. The ubiquitous isozyme is α-1, which is expressed in most cells.
The α-2 subunit is common in skeletal muscle and adipocytes (McGrail et al., 1991). The α-3
subunit has been found only in the brain (Shyjan & Levenson, 1989), but has not been detected in
glia, unlike the α-1 and α-2 isozymes (McGrail et al., 1991). The α-4 isoform is found in testes
and sperm (Blanco et al., 1999).
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The β subunit is essential for assembly and trafficking of the α/β complex out of the
endoplasmic reticulum and delivered to the plasma membrane (Gatto et al., 2001; Geering 2001).
Noguchi and co-workers were able to show that the α-subunit expressed alone in oocytes was
retained in cytosolic vesicles and was vulnerable to digestion by trypsin, implying it was not
properly folded and inserted into the membrane (Noguchi et al. 1990). When the β-subunit was
co-expressed with α-subunit, both proteins were recovered in membrane purifications and were
resistant to tryptic digestion (Noguchi et al. 1990). There are three isoforms of the β-subunit: β-1,
β-2, and β-3.
In addition, many tissues have a third subunit associated with NKA which belong to the
FXYD family of proteins. FXYD proteins are small (~8-20 kDa), single-membrane-spanning
proteins that associate with NKA α/β to form a heterotrimer, but the physiological role of these
FXYDs remains elusive. Most studies have suggested NKA modulatory roles for these FXYD
proteins and recent work points to a possible role in NKA trafficking (Meyer et al., 2020). Seven
members of the FXYD family have been identified with FXYD2 being the first one described (aka
the γ-subunit) (Forbush et al., 1978).
The NKA maintains a –70 mV resting membrane potential, a fundamental property of cells
in excitable tissues (e.g. muscles and nerves). In addition, the chemical gradient created by the
NKA is also essential for a variety of cellular processes in both excitable and non-excitable tissues,
including regulation of cell volume, pH, nutrient uptake and waste removal all via energizing
secondary active transport mechanisms. (Skou & Esmann, 1992; Vasilets & Schwarz, 1993;
Lingrel & Kuntzweiler, 1994; Blanco & Mercer, 1998). Given that the NKA contributes to all
these necessary cellular processes, it stands to reason that when a stress is put on an organism or
its particular tissues and cells, that it would respond with a commensurate change in NKA
2

expression. In particular, it makes sense that expression levels of NKA (both amounts and
isoforms) will change when osmoregulating animals like Artemia and euryhaline fishes have to
adapt to different salinities.
The Na,K-ATPase and all P-type ATPases follow essentially the same enzymatic cycle
first deduced by the independent labs of Albers and Post, and thus is commonly referred to as the
Albers-Post model (Fig. 1) (Albers, 1967; Post et al., 1969). Briefly, NKA alternates between
intracellular- (E1) and extracellular- (E2) facing conformations that bind either three Na+ ions or
two K+ ions, respectively. Transition between these states is regulated by the formation and
hydrolysis of the stable phosphorylated intermediate. Each transport cycle consumes a single
molecule of ATP and energizes all NKA isoforms studied to date to transport the 3 intracellular
Na ions in exchange for uptake of 2 extracellular K+ ions, resulting in a net movement of +1 charge
per cycle. This net positive charge movement creates an outward current that can be measured
electrophysiologically (e.g. by two-electrode voltage clamp).

3

NKA Expression in Xenopus Oocytes
The Na,K pump can be expressed in Xenopus oocytes to allow for electrophysiological
measurement via two-electrode voltage clamp. Frog oocytes do have an endogenous Na,K pump,
but exogenous RNA introduction allows for more precise control over which form of the pump is
expressed, as well as achieving a much higher expression level. Expression of the pump in oocytes
begins with isolated pump DNA. DNA must be linearized and transcribed to RNA. The RNA is
then injected into oocytes. As mentioned previously, cRNA for both the α- and β- subunits must
be injected for proper pump expression, assembly, and trafficking to the plasma membrane
(Noguchi et al., 1987).
A benefit of using heterologously expressed Na,K-ATPase instead of endogenous pumps
is that you have the ability to introduce specific mutations into the DNA enabling the study of
specific residues. Indeed, we use this ability to impart ouabain resistance to the Na,K pump by
generating a double mutation in the α-subunit (i.e. G111R and N122D), which reduces ouabain
affinity by approximately 1000-fold; we refer to this mutant a the RD pump to signify the arginine
and aspartate introductions. Given that the binding of ouabain to endogenous wild-type Na,K
pumps is essentially permanent, expressing RD pumps also allows for experimental separation of
endogenous Na pump current activity from expressed RD pump activity by preincubation with
low concentrations of ouabain (~1µM).
Role of Na,K-ATPase in Adaptation to Seawater
The NKA plays an important role in the osmoregulation of marine animals, and in particular the
teleost fishes (Epstein et al., 1980). Teleost fish gills have been studied extensively for their ability to
extrude Na+ and Cl- from their gills directly into the surrounding seawater.

4

Interestingly, Epstein and co- workers (1980) also demonstrated that freshwater adapted fishes (e.g.
American

Eel)

exposed to seawater
are

also

able

to

extrude Na+ into the
surrounding
environment

and

this

was

activity

ouabain-sensitive;
ouabain is a specific
inhibitor of NKA
activity. Net loss of
Na+ in teleost fish is achieved mainly in specialized cells in the gill epithelium, called chloride cells.
Morphologically, these cells are characterized by a high mitochondrial content and excess basolateral
surface area (Zadunaisky, 1996). Adjacent chloride cells have single-stranded tight junctions,
whereas most epithelial tight junctions are multi-stranded with high electrical resistance, preventing
passive ion diffusion. However, these fish gill epithelial chloride cells have a passive Na+
conductance that can be blocked by the paracellular shunt inhibitor, 2,4,6-triaminopyrimidine (TAP)
(Degnan & Zadunaisky, 1980). The driving force for Na+ extrusion is initially established by NKA
producing a steep Na+ gradient that is used by a series of secondary active transporters. One
particularly important secondary active transporter is the Na+,K+,2Cl- co-transporter (NKCC) that
imports 1K+ and 2Cl- ions along with the 1Na+ ion running down its electrochemical gradient.
Imported

Cl-

ions

are

then

passively
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secreted

into

the

lumen

via

apical

Cystic Fibrosis Conductance Regulator (CFTR)-like Cl- channels. The excess excretion of Clcreates a positivity transepithelial potential (TEP), which drives Na+ extrusion from the
basolateral side through the specialized low-resistance single-stranded tight junctions (Fig. 2). K+
channels on the basolateral side recycle K+ from cell to blood (Marshall et al., 2002; Gonzales,
2012).
Brine Shrimp
Brine shrimp (Artemia) are strong osmoregulating crustaceans and are one of the only
animals known to survive in high-salinity inland lakes (~14% salinity) (Russler and Mangos,
1978). In order to inhabit these unfavorable conditions osmoregulators must be able to actively
maintain a different hemolymph (or blood) salt concentration than their environment. One
adaptation is a cuticle impregnable to the surrounding medium, allowing for strict ionic and
osmotic intake control via the gut through active swallowing (Croghan, 1958). As such, in
hypersaline environments large amounts of Na+ are passively absorbed into the gut epithelial cells
and actively pumped into the hemolymph via the basolateral NKA (Croghan, 1958). Although
these organisms absorb large quantities of Na+ from an environment 100-times more concentrated
externally than internally, the internal hemolymph only increases 6-fold in osmotic pressure when
compared to an isosmotic environment (Croghan, 1958). However, in nauplii (juvenile) stage, Na+
and Cl- excretion occurs at a special neck organ known as the salt gland or maxillary gland (Russler
and Mangos, 1978). Upon reaching adulthood, this organ disappears, and excretion occurs in
metepipodites, organs attached to the swimming legs (phyllopodia).
We propose that these brine shrimp metepipodites serve the same (or similar) functional
role as the gills of teleost fishes, consistent with chloride cell-mediated transport (Holiday et al.,
1990). One key morphological characteristic of these chloride cells is that they are rich in
mitochondria, another adaptation to saline environments (Fig. 2). In brine shrimp, Cl- is far from
6

its electrochemical equilibrium across the apical membrane, internally (hemolymph) versus
externally (gut), consistent with it being actively transported out of the organism (Holiday et al.,
1990). On the other hand, Na+ is excreted passively along its electrochemical gradient, as is the
case in teleost fishes (Holiday et al., 1990, Marshall, 2002, Cozzi et al., 2015). The chloride cells
of fish gills are notable in that they form a crypt on the apical membrane shared by other chloride
cells and accessory cells. These crypts serve as regions of concentrated Na+ and electrical current
across the epithelia, in part driving Cl- secretion (Karnaky, 1986). Clearly, efficient mechanisms
are needed for water retention along with the ability to fight large osmotic and ionic gradients
which require the coordinated expression and operation of various ion-transport proteins. The goal
of this research project was to elucidate the transport mechanisms utilized by brine shrimp for
environmental adaptation. This research will integrate biochemistry, pharmacology, molecular
biology, and electrophysiology to identify and investigate the ion transporters necessary to convey
high salinity adaptation in Artemia.
Brine Shrimp NKA Isoforms
Artemia are known to have three isoforms of the NKA α subunit. Under normal conditions,
the omnipresent NKA is expressed with an α subunit isoform, α1NN, named for the presence of
two asparagine residues that contribute to ion coordination within the cation-binding site that
reciprocally binds either Na+ or K+ during active pump function (Fig 3). Transcriptome analysis
shows that one of them, called α2KK due to two key Asn-to-Lys substitutions (N333K and
N785K), increases expression in high salinity. Jorgensen and co-workers (2008) hypothesized that
the α2KK might exchange 2 Na+ ions for 1 K+ ion, instead of the canonical 3 Na+ ions for 2 K+
ions. Xenopus oocytes expressing Human Na,K-ATPase with the two prominent mutations in
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Brine Shrimp a2KK (N333K/N785K) exhibit the altered stoichiometry previously described
(Meyer et al, 2019) (Fig 18).
Additionally, given the basolateral localization of NKA (Artigas & Gatto, unpublished
observations) (Fig 4), the expression of this non-canonical isoform would be insufficient to solely
explain effective osmoregulation. The role of these NKA isoforms in adaptation to extremely high
salinity, how these specific amino acid substitutions provide selective osmoregulatory advantages,
are poorly understood and will be the focus of this work. In addition, we will deduce what
additional ion transporters work with NKA to enable survival in high saline environments. Other
transporters of interest are CFTR and NKCC, which have been shown to play important roles in
saltwater fishes.

8

Brine shrimp (Artemia), along with the larval stage of the brine fly (Ephydra), appear to be
the sole animals that can live in extreme saline conditions (e.g. [salt] > 10%). In addition to a tight
integument, Artemia adaptation to these harsh environments requires changes in ion-transport
proteins to combat enormous osmotic and ionic gradients. The long-term goal is to understand
mechanisms of ion transport and the role that these critical membrane proteins play in
environmental adaptation.
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CHAPTER II: RESULTS AND DISCUSSION

Relative Gene Expression Among Low and High Salt Adapted Brine Shrimp
RNA from brine shrimp reared in low salt (250mM NaCl) or high salt (2M and 4M NaCl)
environments was isolated and used to produce cDNA. The resulting cDNA was used as template
to target amplification of NKA-α1NN, NKA-α2KK, NKA-β1, CFTR, and tubulin in quantitative
PCR. Brine shrimp reared and adapted in 2M and 4M NaCl conditions display a relative increase
in gene expression of α2KK compared to brine shrimp that were reared in 250mM NaCl (Fig. 5A).
In qPCR experiments that targeted CFTR, high salt adapted brine shrimp were shown to increase
expression of the CFTR gene approximately two-fold (Fig. 5B). Gene expression of α1NN and
tubulin in low salt adapted brine shrimp were used as reference for α2KK and CFTR experiments,
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respectively. These results suggest that high salt adapted brine shrimp upregulate key transporters
of interest, α2KK and CFTR, possibly to aid in osmoregulation.
Whole

animal

lysates collected from low
salt (125mM NaCl) and
high salt (2M NaCl) reared
brine shrimp were used for
crude

membrane

preparations
further

that

separated

were
via

sucrose gradient. Protein
isolates from the 20-50%
interface of the sucrose
gradient was separated by
electrophoresis. Anti-NKA α-subunit antibody (Antibody a5 from the hybridoma data bank,
University of Iowa, Iowa City, IA) displayed differential binding of NKA isoforms due to minor
differences in mass of the α1NN and α2KK (Fig. 6). We aimed to confirm the upregulation of gene
expression with complimentary increase in protein, but clearly the western blot analysis does not
show a two- to ten-fold increase in the α2KK as suggested by qPCR. Samples derived from low
salt adapted brine shrimp (Fig. 6, middle lane) appear to have more expression of NKA overall,
with samples from both low and high salt samples appearing to have more α1NN overall. This
could be due to the fact that protein isolates were derived from whole animal lysates, while it has
been shown that the enzyme specific activity of NKA in the salt glands increases approximately
11

3.5-fold when Artemia are in hypersaline environments (Holliday, 1990). Due to this, differences
in

NKA

protein

expression may not
be observable when
studying
animal

whole
protein

isolates but could be
detectable with the
collection of a useful
mass of Artemia salt
glands for NKA to be
detectable

via

Western blot. This
plan is logical but proves to be difficult in practice as brine shrimp are only approximately 5-7mm
in length in their adult stage. For this reason, I cannot confirm a subsequent protein increase to
compliment the increase in gene expression seen in Fig. 5.
High Salt Adapted Brine Shrimp Show Sensitivity to NKCC Inhibition.
Brine shrimp nauplii adapted to low salinity environments show resilience to exposure to
Bumetanide. In a 24-hour survivability curve, low salt adapted brine shrimp showed no significant
impacts on survivability in varying concentrations of the NKCC inhibitor 0-250uM (Fig. 7). Unlike
low saline adapted brine shrimp, nauplii hatched and reared into high salinity environments show
high sensitivity to exposure to bumetanide. In parallel studies, bumetanide concentrations of 50250uM have significant impacts on survivability of high salt adapted nauplii. In timepoint
12

survivability studies (Fig. 16), impacts of bumetanide can be seen as early as one hour. Previous
studies of the consequences of bumetanide exposure in Artemia suggest that high salt adapted brine
shrimp suffer from fatal water loss when exposed to bumetanide (Drenth, unpublished). Together
these results suggest that the function of NKCC is vital for Artemia survival in high salt
environments.
Brine Shrimp Susceptibility to CFTR-Specific Inhibition
When invertebrate cells were shown to express CFTR and exhibit subsequent anion
conductance, the possibility of CFTR being a regulated protein in invertebrates was established
(Kartner, et al., 1991). Once CFTR gene expression was confirmed in brine shrimp (Fig. 5B), we
aimed to inhibit the transporter to test its importance in the survivability of brine shrimp in high
salt (2M NaCl) conditions using a CFTR selective inhibitor, Inh-172. In 24-hour survivability
assays, brine shrimp nauplii
reared in low salt (250mM)
environments only began to
show some sensitivity at high
concentrations of the CFTR
inhibitor. In contrast, brine
shrimp

adapted

to

2M

conditions (high salt) were
found to be significantly more
sensitive to CFTR inhibition,
even

in

diminished

concentrations of the inhibitor
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(Fig. 8). It should be noted that 250mM brine shrimp show sensitivity to [Inh-172]≥1uM,
suggesting that CFTR function is likely critical for brine shrimp viability at all salt concentrations.
However, CFTR does appear to be substantially more important for brine shrimp survival in high
salt environments.
TAP Sensitivity Suggests Brine Shrimp Use Paracellular Na+ Transport
Triaminopyrimidine (TAP)
has been used to block
sodium

fluxes

semi-tight

through

junctions

in

epithelium from multiple
organisms. Earlier attempts
of

the

assay

used

[TAP]≤1mM. This proved
to be insufficient to evoke a
considerable
survivability.
revealed

impact

on

Literature
that

concentrations as high as
20mM TAP have been used to inhibit this pathway in rabbit ileum (Holman and Naftalin, 1979).
After increasing [TAP] to 4mM, 2M NaCl adapted brine shrimp displayed a similar sensitivity to
this passive Na+ pathway inhibition as other inhibitors used in pharmacology studies. Higher
concentrations of TAP (2 and 4mM) appear to have similar effects on high salt brine shrimp, both
impacting survivability by approximately 50-80%, suggesting that the mechanism of paracellular
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sodium extrusion through tight junctions is likely being utilized by high salt adapted brine shrimp
and is vital for survivability in those conditions (Fig. 9).
Ouabain Sensitivities Allude to Functional Differences in NKA Isoforms
Our studies revealed that high salt adapted brine shrimp show less sensitivity to ouabain
than low salt adapted brine shrimp. Past immunohistochemistry studies revealed that NKA staining
increased in gut epithelia of high salt adapted brine shrimp (Fig. 4). Brine shrimp have multiple
isoforms of the NKA αsubunit

(e.g.

α1NN,

α2KK, and a third αsubunit isoform that is in
the genome, but has not
been characterized), and
overall

NKA

specific

activity is increased in
osmoregulating

organs

(metepipodites,
maxillary glands, and
gut) of brine shrimp
adapted

to

hypersaline

environments (Holliday 1990). However, according to our qPCR, only the α2KK isoform is
upregulated in the same hypersaline environments (Fig. 5A). It is possible that Artemia are
increasing expression of the α2KK isoform in specific osmoregulatory tissues in high salt
conditions.
15

Isoforms of the Na/K-ATPase observed in nature exhibit differences in ouabain
sensitivities. More specifically, human isoforms of NKA α-subunit have been shown to have
differential affinities to ouabain binding (Müller-Ehmsen, 2001). For this reason, together with the
resilience of high salt adapted brine shrimp to exposure of NKA-specific inhibitor ouabain, these
findings suggest that the α2KK isoform is less sensitive to ouabain than α1NN. Given the
ubiquitous importance of the Na,K-ATPase in all animal cells, it is not surprising that these data
also confirm the importance of the sodium potassium pump for overall survivability, regardless of
the osmotic environment.
TEVC Confirms Ouabain Affinity Differences
Two electrode voltage clamp experiments aimed to clarify the functional differences
between two isoforms of the Na/K ATPase that are expressed in Artemia. Xenopus oocytes
expressing injected full-length Artemia constructs of NKA α1NN or α2KK isoform show key
differences in the effects of ouabain on K+-dependent outward pump current. Oocytes expressing
α1NN (Fig. 11, top) show sensitivity of pump current to low (10uM) concentrations of ouabain
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and exhibit [ouabain]-dependent inhibition of outward current up to 1mM ouabain. In α2KK
oocytes (Fig. 11, bottom) the pump current is still [ouabain]-dependent, but less sensitive to
inhibition by higher [ouabain]. Residual α2KK pump current can be observed in 1mM ouabain.
When looking at the recovery of pump current after ouabain binding, α1NN oocytes were
washed for a 40-minute period, after which 10mM K+ was reintroduced. K+-induced outward
followed as expected, but at a less robust output than before ouabain was added to the oocyte.
Unlike α1NN, α2KK oocytes showed a quick and robust recovery of pump current once K+ was
reintroduced with pump current being comparable to before ouabain was introduced. This data
suggests that α2KK has lower affinity for binding ouabain than α1NN, as ouabain continues to
bind and inhibit
α1NN

NKA

pumps

even

after removal of
ouabain

and

washing of the
oocyte for 40
mins. To better
illustrate

the

relationship
between
ouabain
sensitivity and recovery of pump current after ouabain exposure, we looked at the fraction of
maximum pump current that injected pumps were able to produce in given concentrations of
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ouabain and compared the results for the two isoforms. α2KK pumps produce relatively more
outward current in higher concentrations of ouabain than their α1NN counterparts (Fig. 12). For
example, at 500uM ouabain α1NN is completely inhibited at this concentration while α2KK
produces approximately 25% of the maximum pump current output without ouabain, further
confirming a decreased affinity to ouabain binding in α2KK.
[K+]-Dependent Pump Current in α1NN-injected Xenopus Oocytes
Xenopus oocytes expressing Artemia NKA α1NN display characteristic [K+]-dependent
outward current (Fig. 13). With increasing [K+] (denoted by horizontal green lines) the amount of
outward current produced increases up to 10mM K+. This data was extrapolated to determine the
hill fit of α1NN pump activity, and then the K0.5 [K+] (Fig. 14). At -60mV, outward current
measurements at each
concentration of K+ were
extrapolated

to

determine the potassium
binding affinity of the
isoform

(Fig.

14).

Xenopus

oocytes

expressing

Artemia

α1NN display a K0.5 of
approximately 1mM K+.
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Conclusions
Gene expression analysis revealed that high salt adapted brine shrimp increase expression
of CFTR and the NKA isoform α2KK (Fig. 5). However, increased α2KK protein expression
could not be detected in membrane preparations from high salt brine shrimp (Fig. 6). Differential
expression of NKA protein particularly α2KK could likely be detected in isolated
osmoregulating organs like the gut and metepipodites; current efforts in the lab are targeted to
isolate these organs for western blot analyses. NKCC, CFTR, and paracellular Na+ transport
inhibition displayed severe impacts on survivability of high salt (2M NaCl) adapted brine shrimp
(Fig. 7,8,9), suggesting that they use a mechanism analogous to that of teleost fish where the
activity of these transporters is vital to osmoregulation in osmotically taxing environments. High
salt adapted brine shrimp displayed less sensitivity to ouabain than low salt adapted brine shrimp
(Fig. 10). Since ouabain is an NKA-specific inhibitor and brine shrimp have been shown to
increase expression of α2KK in high salt conditions, these results suggest that the isoform is less
sensitive to ouabain than α2KK.
Xenopus oocytes expressing human RD NKA, Artemia α1NN and α2KK, produced
approximately 425±75nA, 82±10nA, and 30±55nA of outward current, respectively, showing
that oocytes were not expressing the Artemia-derived constructs as readily as the human-derived
constructs. However, general comparisons of the [K+]-induced and ouabain-sensitive pump
current revealed higher ouabain sensitivity in α1NN than α2KK. In ouabain affinity experiments,
500uM ouabain completely inhibited α1NN pumps, while inhibiting α2KK pump current by
~70% (Fig. 12). Additionally, α1NN oocytes exhibited pump inhibition by ouabain long after
ouabain removal while α2KK oocytes displayed robust and rapid recovery of pump function
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(Fig. 13). α1NN [K+]-dependent current displayed a K0.5 ≅ 1mM K+, (Fig. 14) and still to be

determined for α2KK.

It was previously demonstrated that Xenopus NKA pumps with prominent Artemia α2KK
substitutions display a reduced stoichiometry where pumps exchange 2 Na+ ions for 1 K+ ion
(Meyer, 2019). Increased expression of an NKA with altered stoichiometry suggests that the
special function of this isozyme is useful in maintaining the function of the pump in steeper
electrochemical gradients like those seen in hypersaline environments. Decreased ouabain
affinity and probable reduced stoichiometry of α2KK are functional characteristics that could
afford Artemia increased resistance to hypersaline environments. In sum, these data provide
evidence that the brine shrimp are likely using a mechanism of osmoregulation adaptations that
is analogous to that of teleost fish, and moreover increased expression of the special α2KK NKA
isozyme that likely aids in their ability to live in hypersaline conditions.

21

CHAPTER III: MATERIALS AND METHODS
Brine Shrimp Cultures
Brine shrimp were reared in lighted tanks with aeration and a manufacturer provided
nutrient source (Brine Shrimp Direct, Ogden, Utah). Spring water and commercial sea water mix
(Instant Ocean, Blacksburg, VA) in combination with NaCl was used to create the ideal marine
environment and salts in this mixture are accounted for in molarity calculations. This salt mixture
contained approximately 500mM NaCl per liter when prepared according to manufacturer
recommendations and adjusted lower (i.e., diluted with spring water) or higher (i.e., adjusted with
adding NaCl) as indicated in Figs. Since it is unlikely that marine conditions exhibit sharp and
sudden changes in salinity, Brine shrimp are hatched and kept in the respective salt conditions
from hatching to ensure accommodation to increased salinity. Conditions past 1M NaCl require a
tank heating supply and shrimp require more frequent feeding.

Brine Shrimp Membrane Preparation
Brine Shrimp were homogenized in a Homogenization Buffer (HB) containing 250 mM
Sucrose, 2 mM Na2EDTA, 1 mM β-mercaptoethanol, 50 mM Imidazole (pH = 7.2). 20% and 50%
sucrose in homogenization buffer is used for further purification of crude membranes. A 10mL
volume of HB containing protease inhibitor cocktail (100x stock) (Sigma-Aldrich, St. Louis, MO)
per gram of pelleted shrimp was added to a Teflon-coated pestle in a glass dounce homogenizer.
Shrimp were homogenized with ~15-20 strokes and centrifuged at 500g for 5 min. The supernatant
was recovered, and the pellet was resuspended in the same volume of HB and dounce homogenized
again. Centrifugation was repeated and the supernatant was combined with the first supernatant
from the low-speed spin. The homogenate was then centrifuged at 17,000 x g for 2 hours at 4oC.
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The light membrane layer on top of the pellet was removed and saved. The remaining pellet was
put through the above steps and the resulting light membrane layer was collected and combined
with the first. This is a crude membrane preparation that was used for downstream applications.
Sucrose Gradient
Crude membranes were further processed via centrifugation through a step gradient consisting
of 5 mL of 50% sucrose and 10 mL of 20% sucrose solutions. Gradients were placed in a
Beckman SW-28 rotor and centrifuged at 27,000rpm for 1 hour at 4oC. The two resulting
membrane layers, one in the middle of the 20% sucrose and one at the 20-50% interface was
collected and diluted at least 50% with HB and pelleted via centrifugation at 65,000 rpm in a
Beckman Ti-70 Rotor for
45min at 4oC. The pelleted
membranes were
resuspended in minimal
volume of HB and stored at
4oC. ATPase assays
indicated higher enzymatic
activity in the 20-50%
interface membrane layer.
This membrane layer
preparation was quantified
via nanodrop and used for
downstream applications.
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Western Blot Analyses
A ~25 μg quantity of brine shrimp plasma membrane protein is separated via 12% SDSPAGE according to the method of Laemmli (1970). After which proteins are electrotransferred to
PVDF membrane as previously described by Costa and co-workers (2003). Briefly, in transfer
buffer containing 10 mM CAPS (pH=11.0), 10% methanol, at constant current (180 mA) for 2 hrs.
PVDF membranes are blocked with 5% BSA and the membrane probed with mouse anti-NKA
antibody (1:2500), followed by incubation with HRP-conjugated goat anti-mouse 2o antibody.
Bands are detected via super-signal substrate kit (Pierce, Rockford, IL) according to the
manufacturer’s protocol. Alternatively, fluorescently tagged secondary antibodies will be used and
visualized via a LI-COR Odyssey Fc system.

Colorimetric ATPase Ouabain Sensitivity Assay
Crude membrane preparations for brine shrimp reared in low and high salt conditions were
used to measure ATPase activity and ouabain sensitivity. Assay solution containing 0.6mM
EGTA, 156mM NaCl, 3.6mM MgCl2, 3.6mM Na-ATP, 60mM Imidazole, 10mM Na-Azide, and
H2O (pH=7.2) was prepared and stored at -20°C until use. Before assay, stocks of 10mM, 1mM,
and 0.01mM ouabain in assay solution were used to perform a serial dilution for concentrations of
ouabain 100nM-3mM. On ice, reaction tubes were set up with 500uL of the corresponding assay
solution and 50uL 50mM Tris buffer (pH=7.4) in duplicates. A negative control of 100uL Tris
buffer, along with standards containing 30uL 1mM NaPO4 with 70uL Tris buffer, and 70uL 1mM
NaPO4 with 30uL Tris buffer were also ran in duplicates with assay Solution containing 0 ouabain.
Reactions containing enzyme preparations and standards were started by adding 50uL of enzyme
prep diluted to a final concentration of ~5ug/mL, or the appropriate volume of NaPO4 to reaction
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tubes and placing into a H2O bath at 37°C. During incubation, a stopping solution of 0.47M HCl,
0.16mM Ascorbic acid, 0.5% Ammonium Molybdate, 1.5% SDS, and H2O was prepared fresh and
kept on ice. After 15 min, reaction tubes were removed from bath and placed on ice. 1mL of cold
stopping solution was added to each reaction tube and allowed to incubate on ice. After 10 min,
1.5mL of ACG solution containing 0.15M Na-arsenite, 0.08M Na-citrate, and 0.3M glacial AcOH
was added to each tube and reactions were incubated in H2O water bath for 5 mins and at room
temperature for 5 minutes. After incubation, reactions were read at 850nM.

Pharmacology

Brine shrimp reared at low salt (0.25M NaCl) and high salt (2M NaCl) conditions were
reduced to countable populations (~10-20 shrimp). A 3mL volume of live brine shrimp in each
25

condition were placed into each well of a six-well plate. A 125uL volume from stock
concentrations of 6mM, 2.4mM, and 1.2mM Bumetanide were added to two wells each for final
concentrations of 50 uM, 100uM, 250uM Bumetanide. The same process was repeated with stocks
of 12mM, 24mM, 120mM, 240mM, and 480mM Triaminopyrimidine (TAP) for final
concentrations of 500uM, 1mM, 5mM, 10mM, and 20mM TAP. Stocks of 0.24mM, 1.2mM,
2.4mM, and 6mM Ouabain were used for final concentrations of 10uM, 50uM, 100uM, and 250uM
Ouabain. Inh-172 stock concentrations of 24uM, 120uM, and 240uM Inhibitor-172 were prepared
by dissolving the appropriate mass of inhibitor in 10% DMSO for final concentrations of 1uM,
5uM, and 10uM Inh-172. To account for possible effects of minimal exposure to DMSO, 125uL
of 10% DMSO was added to the negative control groups for Inh-172 for brine shrimp in each
condition. Plates were monitored over a 24-hour period to determine effects of inhibitors on brine
shrimp survivability.
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RNA Extraction and cDNA Synthesis
Each RNA Extraction was started with pelleted brine shrimp tissue. Tissues were rinsed a
minimum of three times with nuclease-free water, particularly for high salt samples. After water
was completely removed, the sample was weighed in an Eppendorf tube resuspended in 1mL of
Trizol per 100mg of tissue. Tissues were homogenized using a dounce homogenizer until
incorporated and centrifuged at 3000 x g for 30 sec at 4°C. The supernatant was removed and
transferred to a new Eppendorf tube. A 400uL volume of nuclease-free water per 1mL of trizol
used, was added to the supernatant, and inverted vigorously to mix, then allowed to incubate at
room temperature for 10 minutes. After incubation, the sample was centrifuged at 12,000 x g for
15 min at 4°C. The aqueous phase was transferred to a new Eppendorf tube and an equal volume
of cold nuclease-free 100% Isopropanol was added. Sample was mixed by inverting and incubated
at room temp for 10 min then centrifuged at 12,000 x g for 10 min at 4°C. Isopropanol was removed
and the white gelatinous pellet at the bottom of the tube was gently washed with cold nucleasefree 75% ethanol and centrifuged at 5,600 x g for min at 4°C. The ethanol was repeated until pellet
appeared clean. Ethanol was completely removed, and pellet was air-dried with cap open. After
drying, pellet was resuspended in 15uL of nuclease-free water per 100mg of tissue that was used.
RNA concentration and purity were measured using nanodrop. Samples were stored at -80°C until
use in downstream applications.
cDNA was synthesized according to protocol from High-Capacity cDNA Reverse
Transcription (RT) Kit (Applied Biosciences, Waltham). Starting RNA samples were diluted to a
maximum concentration <2ug/uL. 2X RT master mix was prepared using kit components
including 10X RT Buffer, 25X dNTP Mix (100mM), 10X RT Random Primers, MultiScribe
Reverse Transcriptase, Rnase Inhibitor, and Nuclease-free H2O. Reagent volumes were adjusted
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based on number of reactions being processd, and additional reactions were included in
calculations to account for volume loss that occurs during reagent transfers. After combining
reagents in an Eppendorf tube, the master mix was mixed gently and placed on ice until use. A
10uL volume of both prepared 2X master mix and diluted isolated brine shrimp RNA was
transferred into each individual reaction tube and mixed. Reactions were loaded into the thermal
cycler with the following settings: 25°C for 10 min, 37°C for 120 min, 85°C for 5 mins, 4°C Hold.
Reactions were stored at -20°C until further use in qPCR applications.

Real-Time Quantitative PCR
Two variations of primers designed at regions of dissimilarity between the α1 and α2
isoforms expressed in Artemia were used to target specific amplification of the two isoforms.
(Table 2). Quantitative real-time PCR was performed with cDNA and Power SYBR Green PCR
Master Mix (Fisher Scientific, #4368702) manufactured with SYBR green dye, AmpliTaq Gold
DNA polymerase, dNTPS including dUTP, ROX reference dye and buffer components. Standard
curves were created using 1:10 serial dilutions of cDNA produced from low and high salt adapted
Artemia RNA. A working stock of master mix was created by combining primers at a final
concentration of 300nM, and template cDNA was added according to varying stock concentration
for a final 20μL reaction volume, run in quadruplets. The reactions were read in an Applied
Biosystems Quant Studio 3 Real Time PCR System under the following conditions: 2 minutes at
50°C for 1 cycle, 10 minutes at 95°C for 1 cycle, 40 cycles of 95°C for 15s, 60°C or 30s, 72°C for
30s, and finally 10 minutes at 72°C for 1 cycle.
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Oocyte Preparation
Oocytes were isolated enzymatically as described (Meyer, et. al. 2020), injected with an
equimolar mixture of Artemia α1 or α2 (25 ng) and Artemia β3 cRNAs, and kept at 16 °C for 2–6
days until use in a solution containing 100 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2,
and 5 mM HEPES, supplemented with horse serum (Sigma) and an antimycotic/antibiotic
mixture (Anti-Anti; Gibco). For electrophysiological experiments, the double-mutant α1-Q120RN131D is used because of its lower ouabain sensitivity (IC50 ∼100 μM) that allows reversible

inhibition of exogenous pumps during the experiment and distinction from
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ouabain-sensitive endogenous pumps that remained continuously inhibited after preincubation
with ouabain.

Oocyte Solutions
Oocytes are Na+ -loaded by a 1 to 2h incubation in a solution containing 90 mM Nasulfamate, 20 mM Na-HEPES, 20 mM tetraethylammonium chloride, and 0.2 mM EGTA (pH
7.6) and then are transferred to a K+ -free OR2 solution containing 10–20 μM ouabain and 82.5
mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES until recording. Metal cation external
solutions are composed of 125 mM cation-OH, 10 mM HEPES, 5 mM Ba(OH)2, 1 mM
Mg(OH)2, 0.5 mM Ca(OH)2 (pH 7.6 with methanesulfonic acid). External solutions containing
organic cations are composed of (in mM) 120 main cation-Cl salt, 10 mM HEPES, 5 mM BaCl2,
1 mM MgCl2, 0.5 mM CaCl2 (pH 7.6 with ∼5 mM extra NMG). To measure K+o-activated current,
up to 20 mM K+ was added to the external solutions from a 3M K-methanesulfonic acid stock.

Two-Electrode Voltage Clamp
An OC-725C amplifier (Warner Instruments, Hamden, CT), a Digidata 1440 A/D board, a
Minidigi 1A, and pClamp 10 software (Molecular Devices) are used for two-electrode voltageclamp recordings. Signals are filtered at 2 kHz and digitized at 10 kHz. Resistance of both
microelectrodes (filled with 3M KCl) was 0.2–2 MΩ. Oocytes are Na+- loaded by 1h incubation
in a solution containing (in mM) 150 HEPES, 20 tetraethylammonium- Cl, and 0.2 EGTA (pH
7.2 with NaOH). They are then kept in Na+ recording solution until they are used for
measurements. During loading, ouabain (10–20 uM) is applied to ooctyes injected with RD-α1
but not to those injected with wild-type Artemia α1. External solutions are composed of (in mM)
120mM NaOH or 120 mM NMG, 10 mM HEPES, 10 mM MES, 5 mM Ba(OH)2, 1
30

mM Mg(OH)2, 0.5 mM Ca(OH)2 (pH 4.0–7.6, as indicated, with MS). Intermediate Na+
concentrations are achieved by mixing the two solutions at the appropriate pH. External K+ is
added from a 3 M K+-MS stock.
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APPENDIX: ADDITIONAL FIGURES
Crystal Structure of NKA Elucidates Spatial Relationship of Substituted Residues in α2KK
Spatial modeling of ion binding sites and residues involved in coordination and binding of Na
and K in the transmembrane region of NKA allows us to deduce the effects of unique
substitutions
seen in Artemia
α2KK (Fig.
17). In α2KK,
positions 785
and 333 are
occupied by
Asn residues,
and Lys
residues in α2KK. The longer and positively charged replacement residues work in concert to
disrupt ion binding at Site I, one of the shared sites. The closeness of K785 to binding Site I
grants it the ability to sit securely in the space, with the repulsion of K333 driving the
permanence of K784 as a resident ion in Site I.
The role of Asn to Lys substitutions at 333 and 784 on pump function and charge movement
were studied in Xenopus oocytes using 86Rb+ (Fig. 18). Rb+ functions with NKA as a congener
of K+, allowing normal pump function in the presence of Rb+. The radioactive isotyope was used
to induce Rb-dependent current in oocytes expressing NKA WT (Human NKA) or NKA induced
with prominent α2KK.subtitutions in Human NKA background. WT and Mutant pump

36

constructs produced a
comparable amount of
outward current 53.9
uC and 57.8 uC,
respectively (Fig. 18,
A and B) A
scintillation counter
was used to determine
the amount of
radioisotope that was
taken up by the oocyte
during Rb+ TEVC
experiments and showed that WT oocytes imported 1.16 nmol Rb while Mutant constructs
imported 0.57 nmol Rb
(Fig. 18C), indicating
altered stoichiometry of
the mutant pump. . WT
pumps imported
approximately 2
Rb+/charge extruded,
indicative of canonical
3Na+:2K+ stoichiometry
(Meyer et al, 2019).
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N333K/N785K pumps (α2KK) imported approximately 1 Rb+/charge extruded, which suggests a
reduced stoichiometry of 2Na+:1K+ (Fig. 19)

Xenopus Expression of Full-Length Artemia Sequences
Earlier studies of the functionality of α2KK relative to α1NN utilized a human construct of NKA,
with the two prominent mutations in Artemia α2KK induced into the human pump background.
This construct was ultimately used to show that α2KK has a reduced stoichiometry (Meyer et. al.,
2015). The goal of two-electrode voltage clamp experiments in my thesis were to confirm the
reduced stoichiometry of α2KK using full-length Artemia NKA sequence constructs for Xenopus
oocyte injection. However, this proved more challenging than expected, as oocytes did not express
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the Artemia sequences as readily as human NKA constructs. Experiments revealed that injected
pump activity of Artemia constructs was around 25% or human NKA pump current (Fig. 20, left).
While human RD pumps produced 350-500 nA of outward pump current, α1NN and α2KK
produced ~80 nA and ~30 nA of outward current each, respectively. These stark differences in
injected pump activity made it difficult to thoroughly investigate the functional relationship of fulllength Artemia α1NN and α2KK.

Brine Shrimp Adults and Nauplii Show Similar Response to NKCC Inhibition
Initial trials of KNCC inhibition were performed on adult brine shrimp. Over the course of
a 24-hour time point study, low salt adapted brine shrimp showed little to no response to NKCC
inhibition. High salt adapted brine shrimp showed acute sensitivity to NKCC as early as 1 hour
into the assay, with survivability being impacted at much as 75% at the 6 hour time point (Fig. 21).
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As a time-saving measure trials were continued using brine shrimp nauplii. Brine shrimp typically
take 3 weeks to reach adulthood and nauplii displayed similar survivability trends in response to
NKCC inhibition (Fig. 7).
NKA ATP Hydrolysis and Ouabain Sensitivity Assay
ATPase assays performed on crude brine shrimp membrane preparations from whole animal
lysates were used to measure ATPase activity via colorimetric assay. The assay is inherently nondiscriminatory to ATPase activity within the sample, and NKA activity can be targeted using
ouabain. Low and high salt adapted brine shrimp were used for these studies, and data did not
reveal

significant

differences

in

ouabain sensitivity
of ATPase activity
from either sample
until
[ouabain]

higher
is

introduced (Fig 22)
Approaching 1mM
ouabain,

samples

display differences
in

ATPase

sensitivity. But, like
Western
performed
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blots
on

similar brine shrimp membrane preparations (Fig. 6), this data is arguably not a good indicator of
differences in α1NN/α2KK functionality, particularly regarding osmoregulation.
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